Introduction
[2] Particles in the atmosphere affect the radiation balance of the Earth and are deleterious to human health. Measurements of organic aerosol (OA) suggest that these particles make up an important, sometimes dominant, fraction of fine particle mass in the atmosphere [Zhang et al., 2007] . However poor understanding of the formation and evolution of OA in the atmosphere, as well as limited measurements of organic aerosol throughout the troposphere, translate to large uncertainties on the global OA budget. Source estimates occupy a wide range of values from 140 to 910 TgCyr −1 [Goldstein and Galbally, 2007] . These estimates exceed sources included in current models (e.g., 47 TgCyr −1 [Henze et al., 2008] ). While some field studies support a large missing source of OA in models [de Gouw et al., 2005; Heald et al., 2005; Johnson et al., 2006; Volkamer et al., 2006] , others report good agreement between simulated and measured concentrations [Capes et al., 2009; Chen et al., 2009; Dunlea et al., 2008; Heald et al., 2006] . We use satellite observations to investigate whether there is evidence for a sizeable missing source of OA.
[3] The atmospheric burden of OA currently estimated using models is comparable to the burden of sulfate [Intergovernmental Panel on Climate Change, 2007] , which by scattering solar radiation acts to cool the Earth and counter some of the warming from greenhouse gases. The International Governmental Panel on Climate Change estimates that emissions of sulfur dioxide (the precursor to sulfate) will decline in coming decades with the implementation of control technologies and the use of cleaner fuels [Nakicenov et al., 2000] . While an aerosol clean-up has clear air quality benefits, it may accelerate some of the GHG warming "in the pipeline" [Andreae et al., 2005] . This potential effect intensifies the need to understand the budgets of aerosols in the atmosphere which share the scattering properties of sulfate.
[4] Organic aerosol can be directly emitted to the atmosphere from combustion or biological sources (known as primary OA) or it can be formed from the oxidation of semivolatile organic gases (known as secondary OA). While state-of-the-art models include both of these source types, the pathways of SOA formation are not well understood, and may be underestimated [Hallquist et al., 2009] . Goldstein and Galbally [2007] propose a large possible range of global SOA sources (140-910 TgCyr −1 ) based on several mass balance calculations. Not all of their calculations are specific to SOA, and given the challenges in distinguishing SOA and POA from observations, we take this number to be the range of possible OA sources. One of the approaches used in their study derived the OA source by scaling the sulfate source, resulting in an OA source estimate of 140-540 TgCyr −1 . This estimate was refined by Hallquist et al. [2009] who used a more modest OA to sulfate ratio to calculate a range of 60-240 TgCyr −1 . The observed OA to sulfate ratio is highly variable; ratios for the surface observations reported by Zhang et al. [2007] range from 0.3 to 7.0. Given that sulfate and OA only share a subset of their many sources and formation pathways, sulfate production is not a good proxy for the OA source, and thus the uncertainty on this approach is very large.
[5] Our objective is to quantitatively constrain the range of the global OA source. Measurements of OA concentrations are largely limited to easily accessible surface sites in the Northern Hemisphere [Zhang et al., 2007] . These in situ observations do not adequately characterize the global continental composition of the troposphere, particularly the free troposphere where OA sources aloft may enhance the total burden [Goldstein et al., 2009; Heald et al., 2005; Morgan et al., 2009] . Satellites, however can provide both a total integrated measurement of the aerosol column (aerosol optical depth) as well as a near-continuous, global view of aerosol loading. The penalty is that AOD is an integrated measure of extinction from all the particles in the atmosphere, and thus uncertainties on the derived contribution from any specific particle type will be high. We focus here on continental sources of OA and the constraints offered by satellite observations over land.
Methods
[6] We use measurements from the Multi-angle Imaging SpectroRadiomater (MISR) [Diner et al., 1998 ] satellite instrument which uses multi-angle measurements in the visible to near-IR to retrieve AOD. Observations shown here correspond to the 2008 Level 3, version 15, daily AOD product at 555 nm and are re-gridded to seasonal means at 2°× 2.5°spatial resolution. Figure 1 shows a comparison of winter and summer mean continental AOD reported by MISR with the AERONET network of sunphotometer sites [Holben et al., 1998 ] and the GEOS-Chem global chemical transport model, excluding OA. AERONET observations shown here are seasonal means, sampled to coincident with the MISR local overpass time, of the Level 2 (quality assured) 2008 data, interpolated to 550 nm. We use v8-02-04 of the GEOS-Chem model (www.geos-chem.org) driven by GEOS-5 meteorology for the year 2008. The GEOS-Chem coupled aerosol-oxidant simulation includes H 2 SO 4 -HNO 3 -NH 3 aerosol thermodynamics coupled to an ozone-NOx-hydrocarbonaerosol chemical mechanism [Park et al., 2004] . The model scheme also includes black carbon [Park et al., 2003] , sea salt aerosol (fine and coarse) [Alexander et al., 2005] , and soil dust [Fairlie et al., 2007] . All aerosols are treated as externally mixed with log-normal size distributions and mass extinction efficiencies are calculated as a function of relative humidity as described by Martin et al. [2003] . Aerosol optical properties (including refractive indices and aerosol growth factors) employed here are based on the Global Aerosol Data Set (GADS) [Kopke et al., 1997] with modifications to the size distribution from Drury et al. [2010] based on field observations ( Figure S1 of the auxiliary material shows the mass extinction efficiencies used for continental aerosol at 550 nm).
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The model simulation is sampled for the MISR overpass time (∼10:30am) and location in Figure 1 . This comparison confirms a widespread underestimate of continental AOD in the model which spans both urban and remote environments. Previous evaluation of speciated aerosol concentrations suggests that the GEOS-Chem model provides a robust description of aerosol concentrations (other than OA) [Drury et al., 2010; Fairlie et al., 2007; Park et al., 2004 Park et al., , 2005 . Regions which are overestimated in the model (Figure 1 ) are generally associated with dust (or dust transport), in common with many models [Kinne et al., 2006] . We use MISR AOD observations to constrain the global OA budget; comparisons with AERONET and MODIS are shown in Supplementary Materials ( Figures S2-S4) . A detailed error analysis follows these estimates.
[7] AOD is related to the mass concentration profile (M(z)) via the mass extinction efficiency (a):
The dependence of the mass extinction efficiency on relative humidity reflects aerosol uptake of water. To invert observed AOD for atmospheric burden, we start with a uniform 1 mgsm −3 tropospheric profile of OA (at Standard Temperature and Pressure, uniform in mixing ratio) and using relative humidity from the GEOS-5 re-analysis product, apply the appropriate a to estimate seasonal mean maps of the associated AOD for every grid box. These AOD are scaled to match the MISR observations, and from this an OA burden is derived. This burden is translated to a source estimate by assuming a 6 day lifetime for atmospheric OA, consistent with the mean OA lifetime simulated by Henze et al. [2008] . We use seasonal maps to ensure the most complete global coverage. The optical properties used here (see Figure S1 ) are for sub-micron OA. Coarse OA, such as large primary biological aerosol particles (PBAP), is significantly less optically effective in the mid-visible, and is therefore not included in the budget estimated here. This may overestimate the contribution of sub-micron OA in localized regions of high coarse PBAP loading.
Results
[8] If we assume that OA makes up the entire AOD and invert for the burden implied by the continental MISR observations, we estimate a source of 215 TgCyr . This source must be doubled to account for the continental OA exported in outflow (based on a GEOS-Chem model estimate that 40-60% of OA is exported over the ocean). The continental OA burden required to account for the AOD observed by MISR is therefore estimated at a maximum of 7.0 TgC (associated source of 430 TgCyr
−1
). This reduces the likely range of OA sources by more than half.
[9] This estimate neglects the known presence of other aerosols such as dust, sulfate and soot in the atmosphere. To refine this assessment, we invert the seasonal difference between MISR observed AOD and the simulated total AOD in the GEOS-Chem model (excluding OA). This assumes that all the negative bias in the model simulation can be attributed to OA sources. Scaling to account for outflow, the OA source required to explain the observed-modeled AOD discrepancy is 210 TgCyr −1 . The inverted concentrations are shown in Figure 1d . The geographical distribution of this inverted OA is illustrative, and represents a maximum potential OA for all locations, given that poor model representation of other particle types would be mistakenly ascribed to OA here. In particular, model underestimates of summertime AOD over Northern Africa and the Middle East can most likely be attributed to underestimated dust sources, and not organics. Removing these regions (0-35°N, 20°W-50°E) from the inversion, the source is further reduced to 170 TgCyr −1 .
[10] A uniform vertical mixing ratio of OA was specified for simplicity when inverting the AOD. Such a profile seems unlikely given the efficient removal of OA in precipitating air masses, however additional production aloft may provide a compensatory source. There are few constraints on the vertical profile of OA in the atmosphere [Capes et al., 2009; DeCarlo et al., 2008; Dunlea et al., 2008; Heald et al., 2005 Heald et al., , 2006 Morgan et al., 2009] . For the purpose of calculating the OA budget we therefore invoke an intermediate vertical distribution: an exponentially decreasing profile characterized by the scale height of the atmosphere. When the same mass in the uniform profile is re-distributed to such a shape the global mean AOD increases by 15% due to additional water uptake near the surface. As a result, 15% less mass would be required to match the MISR observations. Our optimized continental OA source therefore totals 150 TgCyr −1 (equivalent atmospheric burden of 2.5 TgC).
[11] Surface concentrations of OA are not well constrained by this assessment of the global burden, given the uncertainty in the vertical distribution of OA at each location. For example, the vertical distribution described above implies surface concentrations double the values shown in Figure 1d . Indeed, we have argued that surface concentrations do not provide a strong constraint on the global OA budget, and thus the converse must also be true. As a result, comparison with a suite of surface OA measurements only confirms that the OA source is likely to be higher than current model sources (47 TgCyr −1 ) and less than the OA estimated when the entire AOD is inverted (430 TgCyr −1 ) ( Figure S5 of the auxiliary material).
Uncertainties
[12] Using AOD to constrain the OA source implies substantial uncertainties on the derived budget. Table 1 summarizes the factors contributing to these uncertainties (estimated 95% confidence intervals). The most important factors are the OA optical properties used to convert from AOD to mass and the OA lifetime assessed to convert the burden to a global source.
[13] Our production estimates are based on an intermediate OA lifetime of 6 days, with a likely range of 4-8 days translating to a 50% uncertainty. The uncertainty associated with the assumed vertical profile and the fraction of OA exported are estimated at 15% and 20%, however these factors are all coupled with the OA lifetime and are to some Relative humidity (assuming 5% uncertainty in GEOS-5 fields)
Conversion from burden to source 50% Aerosol lifetime (including effects of vertical profile and export fraction) Global budget of "other" aerosols simulated in GEOS-Chem 25% MISR AOD measurements 10% Total Uncertainty (added in quadrature) 80%
a Unless RH > 90% in which case uncertainty is significantly large (∼50%) degree, mitigating. For example, a greater fraction of aerosol aloft would require an increase in the source for the same observed AOD, but would be associated with a longer aerosol lifetime, which would imply a decreased source, as well as a larger fraction of exported aerosol, which would imply an increased source. Thus, we assume that the 50% uncertainty on lifetime incorporates the uncertainty in the vertical profile and export fractions.
[14] Figure S6 shows the sensitivity of the mass extinction efficiency of OA at 550 nm to assumed size and optical properties calculated using Mie code. The optical properties are most sensitive to the size of the aerosol, with an associated uncertainty of 50%. To test the sensitivity of our AOD calculations to assumed refractive index we use a series of literature values for dry refractive index for OA, and calculate refractive indices at higher relative humidities following volume mixing rules [Stelson, 1990] . These dry refractive indices include values suggested by Jacobson [2005] and used in the GOCART model [Chin et al., 2002] . We also test the difference in mass extinction efficiency produced when the dry refractive indices determined for several types of HULIS [Dinar et al., 2008] or Suwannee River Fulvic Acid [Lang-Yona et al., 2009] are employed. The calculated mass extinction efficiencies all fall within 20% of our standard values. Note that uncertainty associated with the organic refractive index is highest at low relative humidity, where organic material makes up more of the aerosol mass. The OA growth factor (GF=D wet /D dry ) at 90% used here (1.6) is less than typical values for sulfate (1.7-1.8), higher than environments characterized by biomass burning (1.2-1.3), and at the higher end of GF observed in rural environments [Swietlicki et al., 2008] and is thus likely representative of well-aged OA. Given uncertainties regarding how mixing state and organic composition may affect the water uptake of organic aerosol, we estimate a 20% uncertainty in GF. We use volume mixing rules [Stelson, 1990] to calculate the resulting changes in refractive indices, and use these together with changes in size to calculate that the uncertainty in mass extinction efficiency due to the uptake in water is less than 10%. Uncertainties in relative humidity (estimated at 5%) translate to modest uncertainties in extinction efficiency for most continental regions, but can rival the uncertainty associated with optics and lifetime in very humid regions.
[15] The MISR AOD retrieval has a 20% uncertainty on individual observations [Kahn et al., 2005] . We expect uncertainties to be considerably lower for the seasonal averages used here, and estimate this at 10%. We note that satellite observations of AOD are clear-sky only. This may underestimate the total OA burden if a significant fraction is found in-cloud, for example, due to aqueous phase production, or in the case where persistent clouds coincide with peak OA over a particular region and season. Finally, we assess a 25% uncertainty in the global seasonal AOD calculated for inorganics, dust and soot in the GEOS-Chem model. This is consistent with the total AOD diversity for the sum of these species estimated for the suite of models in the AEROCOM intercomparison [Kinne et al., 2006] . Note that uncertainties on the simulated AOD may be higher for specific locations or days.
[16] As a result of all these factors, we assess a likely maximum of 150 TgCyr −1 continental OA source with an 80% uncertainty. The uncertainty on the derived burden is slightly lower (60%) as aerosol lifetime plays a limited role on this estimation.
Conclusions
[17] Despite large uncertainties, we show that the OA budget can be usefully constrained based on satellite observations. Figure 2 illustrates how the estimate derived here occupies the lowest values within the range of OA sources proposed by Goldstein and Galbally [2007] . While the "missing source" of OA assessed here is modest in comparison, it is a factor of two to three higher than sources included in current models. This empirical estimate cannot be used to decipher the mechanisms of OA production, however the seasonality of the inverted source (which peaks in local Spring/Summer, inset of Figure 2 ) hints at a relationship to biogenic activity (including summer wildfires) or enhanced photochemical activity. Attribution of this seasonality is key not only to understanding formation mechanisms, but also the broader question of what fraction of OA is natural in origin. Characterization of the aerosol composition of the global atmosphere, including the contribution from OA, is critical to our ability to predict the future radiative equilibrium of the Earth. Figure 2 . Continental OA source estimates derived here compared with the estimates of Goldstein and Galbally [2007] . Seasonality of the estimated burden is shown in the inset.
